A true triaxial loading and unloading experiment entailing "y-direction stress loading, z-direction stress unloading, and xdirection displacement fixing" of coal samples was conducted.
Introduction
Coal bursting, a typical coal-rock dynamic disaster, occurs frequently during excavation and threatens the safety of workers [1] [2] [3] .
Mine research institutions and coal mine enterprises have always considered overlying strata movement as an important influencing factor in inducing coal bursts [4] [5] [6] [7] , whereas coal roadway excavation is basically unaffected by overlying strata. erefore, the original coal burst mechanism, evaluation methods, and prevention theory based on overlying strata movement are not particularly applicable. Before the excavation of a solid coal roadway, the rock masses at depth exist in a true triaxial equilibrium state.
After the excavation of a solid coal roadway, the radial stress on the rock surrounding that roadway is subjected to unloading effects; tangential stress undergoes the greatest loading effect, the axial direction is constrained by the adjacent coal body, and the displacement remains almost unchanged. e surrounding rock of driving roadway shows the stress path "the radial-direction unloading, tangentialdirection loading, and axial-direction fixing." e radial stress on the free face is relieved completely, and with the increase in the distance away from free face, the unloading effect weakens gradually, resulting in the increase of radial stress to a true triaxial equilibrium state. e tangential stress is at a lower level due to the relatively fragmented coal body close to the free face. e tangential stress reaches its maximum at a certain distance from the free face and then decreases gradually with the increase in the distance away from the free face until it stabilizes to the true triaxial equilibrium state. According to other research [8, 9] , the stress on the coal body is adjusted along different stressstrain paths after excavation. is path has an important effect on stress, elasto-plastic variation, and fracturing of coal samples. Starting from the stress path in surrounding rock in a solid coal roadway excavation, we study the deformation, fracture, and burst characteristics of a coal body under true triaxial loading and unloading stress paths by means of experiments. e results can provide a reference for the interpretation of coal burst mechanisms in solid coal roadway excavations.
Researchers have studied the stress-strain characteristics and rock burst formation characteristics of specimens under triaxial loading-unloading. For example, Wang et al. [10] found that some indexes to denote mechanical behaviours of rocks, such as triaxial compressive strength, angle of internal friction, and angle of shearing resistance, obtained from the unloading triaxial tests are greater than those of the conventional triaxial tests. Chen et al. [11] found that all failures under confining pressure unloading conditions featured brittle shear failure with a single macro shear rupture surface under confining pressure unloading conditions. Dai et al. [12] found that specimens under pure loading failed with a single distinct shear fracture, while for the unloading case, specimens displayed multiple intersecting fractures. Huang et al. [13] found there are many tension cracks in various grades of the damaged rock, and the tension crack surface is generally perpendicular to the main unloading direction in unloading experiments. Su et al. [14] carried out the experiments with a loading path that maintained one free face and applied loading along three axial directions on the other five faces and found that the tunnel axis stress has a significant influence on the strain burst characteristics. Qiu et al. [15] carried out the true triaxial loading-unloading experiments and found rock mass slabbing induced by high rock stress has major impacts on the evolution and formation of buckling rock burst in deep tunnels. In the true triaxial loading-unloading experiment, Li et al. [16] found the total strain energy, elastic strain energy, and circumferential strain energy all increase as the initial confining pressure increases, whereas the dissipative strain energy does not. Guo et al. [17] found that axial and radial strains increase sharply with decreasing confining pressure in the initial stage of unloading. An obvious radial expansion has also been shown during unloading confining pressure. Su et al. [18] used an improved true triaxial test machine to simulate remotely triggered rock burst induced by a tunnel axial dynamic disturbance.
rough experiments, they found that the static stresses acting on the rock mass in three directions have different effects on rock burst, and rock burst can be triggered more easily with increasing amplitude or frequency. Yin et al. [19] found the true-triaxial loadingunloading stress path has a great influence on the deformation and failure behaviour, strength characteristics, and permeability evolution in the experiment. Chen et al. [20] carried out an experiment with one face kept free and the other five faces loaded and found that rock burst occurrence depends on several conditions, including specifically the tangential loading rate exceeding a certain threshold, the presence of considerable amounts of stored strain energy, the dissipation of energy through rock splitting on the free face, and the shear failure in the potential rock burst pit. Feng et al. [21] found that the peak strength is nonsymmetrical with the increasing σ 2 and is closely related to the lode angle, and the strength variation exhibited a close relationship to the failure mechanism. Liu et al. [22] found that pre-existing flow planes play significant roles in the strength levels, failure modes, and permeability levels under true-triaxial stress paths. Zhu et al. [23] found that bursting failure occurs when the axial stress is more than three times the uniaxial compressive strength of the coal sample under a constant confining pressure.
Numerous studies [24] [25] [26] [27] [28] have been conducted to obtain a comprehensive understanding of coal and rock failure via the application of AE monitoring techniques. At present, AE studies of rock failures under true triaxial unloading conditions have gained attention. According to the true triaxial unloading tests, the AE hit rate is evidently enhanced when the least principal stress is unloaded, and the range of the AE count rate increases with the intermediate principal stress [29] . He et al. [30] [31] [32] studied the mechanism of rock burst in deep-buried tunnel by a true-triaxial experiment and revealed the characteristics of acoustic emission energy. Zhao et al. [33] found that the rock samples are prone to strain burst failure under a high unloading rate, and the associated acoustic emission energy release in the strain burst process is dependent on the unloading rate. Su et al. [34] performed rock burst tests on granite rock specimens under true triaxial loading conditions and found that the evolutionary features of sound signals on the eve of rock burst, as well as that of AE signals, can be used as beneficial information for rock burst prediction. Bai et al. [35] conducted a true triaxial acoustic emission (AE) experiment to simulate excavation-induced damage by applying in situ 3D stress path to a sample. rough experiments, they found that stress unloading plays an important role in AE activity. Characteristics of AE events exhibit a good agreement with the microseismicity recorded in the tunnel roof, and source parameters (e.g., corner frequency and moment magnitude) are consistent with the field recordings.
According to the previous study of the triaxial loading and unloading, the fixed displacement of one axis and the effect of loading and unloading rate and ratio were not considered; the critical burst criterion for coal samples, the difference in fracture characteristics between the burst coal samples and nonburst coal samples, and the process of coal sample energy accumulation and coal burst generation were not given: these are claimed as innovative herein.
Experimental Work

Experimental Apparatus.
e polar coordinate system and rectangular coordinate system can be transformed into each other, so the stress path "y-direction stress loading, z-direction stress unloading, and x-direction displacement fixing"(rectangular coordinate system) can be used to express the surrounding rock path "the radial-direction unloading, tangential-direction loading, the axial-direction fixing" (polar coordinate system).
e "y-direction stress loading, z-direction stress unloading, and x-direction displacement fixing" triaxial loading and unloading experimental equipment is shown in Figure 1 (a): the waveform delineating the coal fracture event was monitored by an American Physical Acoustics PCI-2 acoustic emission acquisition system, using eight Micro-80S miniature AE probes, which were embedded in the iron block ( Figure 1(b) ). e surfaces of the probes were coated with Vaseline to achieve close integration with the coal samples; a layer of rubber was placed between the fixture iron block and the coal block to prevent the wave propagating through the iron block to the probes, thereby improving the accuracy of waveform signal monitoring.
Test Procedure.
e coal samples used in this experiment were from the No. 5 coal seam of Huating Coal Mine. e coal samples measured 70 × 70 × 70 mm, and the flatness error was less than 1 mm. Some basic material properties of the coal samples are shown in Table 1 . According to He [36] , the strain rate of coal samples in static loading and unloading should be controlled to within 10 − 3 ·s − 1 . According to this, the three-directional loading and unloading rate of experiments was controlled to within 4.2 mm/min. ree types of experiments were designed: (1) Effect of RURLRs: the three-directional stresses on the sample were loaded to a specified initial stress of 20 MPa, and then the yaxis and z-axis were loaded and unloaded at a certain rate, respectively. e unloading rate in the z-direction is 0.3 to 3.5 times than that on the y-axis, and the displacement along the x-axis remains unchanged. (2) Effect of triaxial initial stress: the x-, y-, and z-axes were respectively loaded to different initial stresses ( Table 2) , and then stress path experiments were carried out according to a certain RURLR ( Table 2) , during which the displacement along the x-axis remained unchanged. (3) Burst experiment: at the end of scheme (1) or scheme (2), the unloading rates along the zaxis of some samples are increased between five-and 10-fold, while other parameters remained unchanged. Stage (I): because of unloading along the Z-axis, the stress in this direction decreased gradually; however, unloading here does not affect the increase in Y-axis stress (the loaded side), and the stress on the loaded side increased in a quasi-linear manner. According to AE event counts, the energy and frequency of AE events in this stage were low, which indicated that there was no large area of cracking in the coal samples in this stage, and the coal samples were relatively complete and in an elastic state. Stage (II): when the triaxial stress reached a certain value, the Y-and Z-axial stress-time curves show a significant inflection point (point A, Figure 2 ), which was called the yield point. e AE event counts were significantly enhanced, which meant that cracks in the coal samples began to develop. At this stage, the rate of increase of Y-axial stress was significantly smaller than in Stage I, exhibiting plastic yield characteristics.
Experimental Results and Analysis
e Z-axis stress variations were affected by the RURLRs: according to statistical results, when the RURLRs are less than 0.8, the Zstress showed an increasing trend in Figures 2 
is is because volumetric expansion during coal failure is greater than that in a coal body upon unloading and then the coal body is compressed. When the RURLRs are greater than 0.8, the Z-stress showed a tendency to slowly decrease or change (Figures 2(d) and 2(e)) because the volumetric expansion at failure is less than that upon unloading and then the coal body is subjected to outward tensile action.
During the whole true-triaxial loading and unloading test, the fixed-side (X-axis) stress variation is small and shows only slight increases or decreases.
Coal Sample Burst Conditions under a True-Triaxial
Stress Path. After the completion of the scheme (1) or scheme (2) on the samples M\N\O\P\Q\R, the unloading rates along the z-axis of some samples are increased between five-and 10-fold, as shown in Figure 3 . e experiments at this stage are called burst experiments. e major principal stress-time curves and AE energy-time curves of coal samples in the burst experiment are shown in Figure 3 .
rough the literature review, it was found that a coal burst is an engineering term, and there is no definition for a coal sample burst in laboratory experimental terms: herein, coal sample bursting in our experiment is defined by analogy to characteristics of coal bursts in mines.
Coal bursts generally have three distinctive features: (1) When a coal burst occurs, sound and vibration are generated. (2) e energy released by a tremor, as monitored by microseismic equipment, is generally over 1 × 10 4 J. (3) e destruction of a coal mass releases elastic energy, and the rocks surrounding a roadway gain kinetic energy. By analogy with a coal burst to a coal mine, the experimental coal samples could be defined as having burst if they satisfied the following three conditions: (1) When the coal sample breaks down, there is significant sound and vibration. (2) e fracture energy of acoustic emission events is greater than 1.0 × 10 7 μV·s; (3) e stress-strain curve of coal sample exhibits a sudden stress drop, which represents the release of elastic energy.
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In scheme (1) or scheme (2), the unloading rates of samples M, Q, and R are less than 1.13 mm/min ( Table 2) . At this time, there is no significant sound emitted when the sample is destroyed, the AE energy is less than 1.0 × 10 7 μV·s, and the stress does not suddenly drop, which means that the coal sample had not burst. When the unloading rates are greater than 2.77 mm/min, samples M, Q, and R showed signs of a coal sample burst, as shown in : the high initial stress is another factor influencing coal sample bursting. According to the experiment, the high unloading rate and a high initial stress are precursors for a coal sample burst.
3.3.
e Characteristics of Failure and AE Events. According to the experimental statistics, failure types of coal samples can be divided into two categories: bursting and nonbursting. e nonbursting type represented by coal sample C and the bursting type represented by coal sample M were selected, respectively. As shown in Figure 4 According to the photographs of coal sample C in Figure 4(a) , the nonbursting coal sample mainly suffers Advances in Civil Engineering spallation failure, and the normal direction of the failure surface is parallel to the direction of unloading. is is because the coal sample is initially in a three-directional compressive stress state, and when unloading is carried out in one direction, a tensile stress perpendicular to the unloading surface will, thus, be formed. When the tensile force is greater than the tensile strength of the coal samples, a series of cracks parallel to the unloading surface are formed. Since the rate of unloading is low, the coal samples had sufficient time to form through-cracks on the 2, 4, 5, and 6 planes, as shown in Figure 4(a) . e tensile stress at failure is low and the energy released is relatively small. e energy of acoustic emission events is less than 1.0 × 10 5 μV·s and mainly less than 1.0 × 10 3 μV·s, as shown in Figure 5(a) .
According to the photographs of coal sample M in Figure 4 (b), it can be seen that the burst coal sample (after testing) is loose, breaking up as soon as it is touched, and with fracture surfaces showing no clear directionality. It is divided into unit cells by longitudinal and transverse cracks, as shown in Figure 4(b) . According to the fact that the energy released in the instantaneous destruction of coal sample cannot be dissipated by vertical through-cracks, and the coal sample Advances in Civil Engineering 7
shows the characteristics of bursting failure. e AE event energy of the burst coal sample is much larger than that of a nonbursting sample, and the maximum energy of AE events is greater than 1.0 × 107 μV·s, as shown in Figure 5 (b).
Mechanism and Theoretical Analysis
e Stress Equation.
At present, the strength calculations of coal samples under the triaxial stress state are mainly based on conditions of equal confining pressure, among which the Mohr-Coulomb criterion and Mogi-Coulomb criterion are the most widely used. e stress path "Y-axis loading, Z-axis unloading, and X-axis displacement" unchanged used in this experiment is significantly different from the stress environment of conventional strength calculation methods. To determine the calculation method of yield stress and peak stress under true-triaxial loading and unloading, the following analysis is carried out.
Factors Affecting Stress Analysis
(1) RURLR. e RURLRs under the true-triaxial loading and unloading fluctuate from 0.3 to 3.5, and the relationship between the RURLR and the stress is shown in Figure 6 .
According to Figure 6(a) , when the RURLR is 0.5, the loading lateral peak stress of the sample is 70 MPa and the unloading lateral peak stress is 40 MPa; when the RURLR increases to 3, the peak stress on the loading side decreases to 25 MPa and the peak stress of the unloading side decreases to 1 MPa (the peak stress on coal samples in the loading and unloading side decreases exponentially with increasing RURLR and the yield stress ( Figure 6(b) ) shows the same characteristics). e peak stress and yield stress are given by
where a, b, and c are constant coefficients and h ′ is the RURLR.
(2) Initial Loading Lateral Stress. Peak stresses and yield stress at the loading and unloading lateral side under different initial loading lateral stresses are shown in Figure 7 . As shown in Figure 7(a) , when the initial loading lateral stress is 10 MPa, the loading lateral peak stress of the sample is about 60 MPa and the unloading lateral peak stress is 23 MPa. When the initial loading stress increases to 40 MPa, the loading lateral peak stress reaches 80 MPa and the unloading lateral peak stress reaches 40 MPa. e peak stress of the coal samples increases linearly with increasing initial Level e yield stress in Figure 7 (b) also shows the same characteristics. e peak stress and yield stress are given by
where a ′ and c ′ are constant coefficients and σ t is the initial loading lateral stress.
(3) Initial Unloading Lateral Stress. Peak stresses and yield stress at the loading and unloading lateral side under different initial unloading lateral stresses are shown in Figure 8 . As shown in Figure 8(a) , when the initial unloading lateral stress is 10 MPa, the loading lateral peak stress of the sample is about 60 MPa and the unloading lateral peak stress is 20 MPa. When the initial unloading stress increases to 40 MPa, the loading lateral peak stress reaches 100 MPa and the unloading lateral peak stress reaches 60 MPa. e peak stress on the coal samples increases linearly with the increase of the initial unloading lateral stress. e yield stress in Figure 8 (b) also shows the same characteristics. e peak stress and yield stress are given by
where a ″ and c ″ are constant coefficients and σ c is the initial unloading lateral stress.
(4) Initial Fixed Lateral Stress. Peak stresses and yield stress at the loading and unloading lateral side under different initial fixed lateral stresses are shown in Figure 9 . As shown in Figure 9 (a), with the increase of the fixed lateral stress from 10 MPa to 40 MPa, the loading lateral stress remains around 60 MPa and the unloading lateral Advances in Civil Engineering stress remains around 10 MPa. e peak stress on the coal samples is unaffected by the initial fixed lateral stress. e yield stress in Figure 9 (b) also shows the same characteristics.
Construction of Stress Equation.
According to the analysis of the influencing factors under true-triaxial loading and unloading, the stress equations (1) to (3) can be merged to give
When h ′ � +∞, the unloading lateral stress disappears instantaneously, which is equivalent to uniaxial compression. For the peak stress on the loading side, h ′ � +∞ is introduced in equation (4) to obtain D � R c (uniaxial compressive strength), giving
Similarly, the loading lateral yield stress can be set to
e unloading lateral peak stress can be set to
e unloading lateral yield stress can be set to
In formulae (5) to (8) , A ′ , A ″ , A ‴ , A ‴′ , B ′ , B ″ , B ‴ , B ‴′ , C ′ , C ″ , C ‴ , C ‴′ are constant coefficients; R c is the uniaxial compressive strength and R c ′ is the yield stress during uniaxial compression. e established peak stress and yield stress equations of the coal samples are fitted with the experimental results. e resulting stress equations are given by equations (9) to (12) , and the fitting results are shown in Figure 6 . e loading lateral peak stress equation is as follows:
e loading lateral yield stress equation is as follows:
e unloading lateral peak stress equation is as follows:
e unloading lateral yield stress equation is as follows
According to equations (9) to (12), the peak stress-initial stress curves (Figures 7(a) and 8(a)) and yield point stressinitial stress curves are plotted (Figures 7(b) and 8(b) ). It can be seen that the resulting curves match the stress applied in the experiment. It can be concluded that the established peak stress equation and the yield stress equation of coal samples under true-triaxial loading and unloading are reasonable.
Analysis of Energy Evolution.
Research has shown that the energy released by tremors is proportional to applied stress and the tremors are closely related to rock burst occurrence [37, 38] . When the number of mine tremors is large, the energy and frequency cannot directly reflect the characteristics of stress and fracture evolution, and to meet the requirements of quantitative analysis, an energy index cloud is established. e samples were usually divided into gridded cubes when establishing the energy index nephogram; however, AE events were considered as point sources when calculating source locations. To avoid a lack of fidelity in the results induced by omitting individual AE events, the relationship between the grid spacing S and the statistically smoothed radius r should satisfy S ≤ � 2 √ R. Figure 10 shows a sketch map of the spatial model. Each grid node corresponds to a specific region, and the energy index of a grid node was calculated using (13) . Finally, the energy index nephogram can be generated by interpolation. Here, the grid spacing S was set to 5 mm.
where E j is the total energy of the j th seismic event in the i th statistical region; e i is the energy index of the i th statistical region, log 10 (J). According to the calculation method used to derive the energy index nephogram, the energy index nephograms of sample M are shown in Figures 11(a) to 11(d) . ese were divided into four stages: loading to the initial triaxial stress stage, loading and unloading stage I, loading and unloading stage II, and a high-speed unloading stage. According to the definition of sample bursting provided in Section 3, the locations of sample burst sources are shown in Figure 11 (e).
During loading to the initial triaxial stress process, the high-energy index regions of the coal samples were mainly concentrated within 20 ≤ x ≤ 35 mm, 0 ≤ y ≤ 30 mm, and 30 ≤ z ≤ 70 mm (Figure 11(a) ).
is is due to the nonuniformity of coal sample structure and the stress is concentrated in a local area under the action of external load. In the first stage of loading and unloading, the original cracks in the coal samples opened and new cracks formed upon unloading; therefore, the ranges of the high-energy index zone became wider than in the previous stage, but their positions remained similar (Figure 11(b) ). In the second stage of loading and unloading, the coal sample enters a yielding state: microcracks developed rapidly and formed a penetrating crack network, which resulted in a wider range of high-energy zones than the first two stages (Figure 11(c) ).
Upon high-speed unloading, the stress on the coal sample decreased rapidly, and the number of microcracks generated was less than that in the first three stages, resulting in a smaller high-energy index zone: however, high-speed unloading promoted the rapid release of accumulated energy from the first three stages, forming a shock source located in the high-energy region (Figure 11(e) ).
It can be concluded that during the initial threedimensional stress stage and the first and second stages of loading and unloading, energy gradually accumulated and the high-energy region gradually expanded, but its location always lies within a fixed region. When subjected to high-speed unloading, the accumulated energy in this area was released rapidly, and the coal samples were severely damaged, thus forming the source of a burst.
Conclusion
(1) e prepeak stress-time curve of the coal samples under true triaxial loading and unloading could be divided into two distinct stages: in the first stage, the stress on the unloading side decreased gradually, and the loading lateral stress gradually increased. In this stage, the acoustic emission signal was weak and the coal body was in an elastic state; in the second stage, the rates of stress reduction and stress increase on the unloading side are lower than those in stage one. e acoustic emission signals were enhanced, and the coal body exhibited dilatant plastic yield. ere was an inflection point (yield point) between the second stage and the first stage. (2) e yield stress and peak stress of coal samples were linearly, and positively, correlated with the initial loading lateral stress and the initial unloading lateral stress, which were unaffected by the fixed lateral stress and exponentially decreased with RURLR. us, the yield stress and peak stress equations applicable to such coal samples under true triaxial loading and unloading were established.
(3) According to experimental evidence, the high unloading rate and the high initial stress are precursors to a coal sample bursting. e nonbursting coal samples underwent spallation failure, and the normal direction of the fracture surface was parallel to the unloading direction. e energy of the acoustic emission events was less than 1 × 10 5 μV·s; the burst coal samples showed all of the characteristics of burst failure, and the energy of acoustic emission events at failure exceeded 1 × 10 7 μV·s. 
